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ABSTRACT.
In JET high-performance discharges (ELM-free hot-ion H-mode plasmas and optimised shear discharges) ion cyclotron resonance frequency (ICRF) heating is used routinely in combination with neutral beam injection (NBI). Although NBI is the dominating heating mechanism, ICRF heating has been found to play an important role in obtaining good performance. The impact of various ICRF techniques on the performance has been analysed using numerical simulations. In the hydrogen minority heating scheme second harmonic deuteron absorption is found to improve central bulk ion heating. By using multiple ICRF frequencies the tails in the distribution functions of the resonating ions can be tailored to enhance the bulk ion heating. Bulk ion heating fractions of up to 50% of the total ICRF power have been obtained in this way. Analysis of 3 He minority heating in first optimised shear discharges at 4 T is presented. The effects of different antenna phasings on the performance have been found to be consistent with an ICRF induced pinch of resonating ions predicted by theory. In optimised shear discharges +90° phasing is found to give the best performance, while in hot-ion H-modes smaller differences between various phasings are observed.
BULK ION HEATING
In JET high-performance plasmas, as well as in a reactor, good bulk ion heating is essential in order to obtain a high ion temperature and a high fusion reactivity. ICRF heating can play an important role in this respect by providing bulk ion heating localised in the plasma centre. This is possible if a significant fraction of ICRF power is deposited on the resonating ions, and if the ions absorbing the wave power deposit power on bulk ions through collisions. It is relatively easy to obtain the former in JET high-performance plasmas, since the single-pass damping on ions is relatively strong. In order to obtain the latter, it is important that the average energy of the resonating ions is comparable to, or lower than, the critical energy. η H the fusion yield ( R NT ) and the diamagnetic energy content ( W DIA ) are about 25 and 10%
higher, respectively. Table 1 . PION results at t = 13 s.
We have analysed the discharges using the PION code which calculates the ICRF power deposition and the velocity distributions of the resonating ions in a self-consistent way. 2 Damping on beam ions that are resonant with ICRF waves is taken into account. 3 The results are summarised in Table 1 . For high η H the tail formation on the deuteron velocity distribution is reduced, which is consistent with measurements with a high-energy neutral particle analyser (NPA). 4 The larger P ci from hydrogen for high η H is due to the lower average energy of the hydrogen tail ions. The pro- broader for low η H due to finite orbit width effects, while the p ci profile is notably broader for high η H . The latter is because for high η H a large fraction of P ci comes from the hydrogen ions and thus originates from outer regions where hydrogen absorption is low enough to keep the average energy of the hydrogen ions comparable to the critical energy. Our conclusion is that deuteron absorption provides a more peaked bulk ion heating profile.
In the JET 1999 experimental campaign, internal transport barriers and high plasma performance have been obtained for the first time in optimised shear discharges at a magnetic field of 4 T. In these discharges ICRF heating is tuned to the 3 He ions have been observed both by the TAE diagnostic and the high-energy NPA.
EFFECTS OF MULTIPLE ICRF FREQUENCIES
Bulk ion heating can be improved by using multiple frequencies to limit the average energy of the resonating ions. By spreading the resonances over an about 30 cm wide central region and using relatively low ICRF power (3 MW) at ω ω ≈ cH , bulk ion heating fractions up to 50% are obtained in ELM-free hot-ion H-mode plasmas. 3 In optimised shear plasmas multiple frequency operation can be used to delay the formation of the internal transport barrier. This is illustrated by Fig. 3 performs better in terms of R NT and W DIA during most of the discharge. These results indicate that the central power deposition plays an important role for the formation of the internal transport barrier.
EFFECTS OF ASYMMETRIC ICRF PHASINGS
The ICRF antennas in JET can be phased to launch toroidally directed waves. The presence of such waves affects the pressure profile of the fast ions, the turning points of trapped ions being driven inward/outward when the waves propagate parallel/anti-parallel to the plasma current. 5, 6 The current driven by fast ions [7] [8] [9] and the collisional heating of the background plasma are also affected.
Significant internal transport barrier. 10 The relative importance of the currents driven by the fast ions and the bootstrap currents is being investigated. Finally, we note that ELM-free hot-ion H-mode plasmas, whose performance is typically much less sensitive to modifications of pressure, heating and current profiles, have shown much smaller differences between different antenna phasings.
